General rights Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated with these rights. High levels of genetic diversity and high propagule pressure are favoured by conservation biologists as the basis for successful re-introductions and ensuring the persistence of populations. However, invasion ecologists recognise the "paradox of invasion", as successful species introductions may often be characterised by limited numbers of individuals and associated genetic bottlenecks. In the present study, we used a combination of highresolution nuclear and mitochondrial genetic markers to investigate the invasion history of
Introduction
des Plants in 1902 (Chapman et al 1994) . In total between 1894 and 1906, 13 males and 15 females were brought into Woburn Park and records show that eleven individuals were released from there in 1901 (Chapman 1993) .
Until 2009, it was widely assumed that muntjac had not reached Scotland or Ireland (Lever 2009). Recent deer surveys, however, suggest that muntjac have spread westward into Wales and south-west England as well as northward up the eastern half of England to the Scottish Borders (Ward et al. 2008) , and most recently have been discovered in Ireland (Hailstone 2012) . The first confirmed sighting of muntjac in the wild in the Republic of Ireland was a culled animal in Co. Wicklow (Carden et al. 2011) , swiftly followed by a carcass from a deer-vehicle collision in Co. Down, Northern Ireland (Dick et al. 2010 ). The question remains, however, as to the size of the actual founding 'propagule' that led to this dramatic and continuing invasion of the British Isles. Such information is important to help undertstand and predict invasion success in general and with regards to the likelihood of further invasions by non-native deer globally.
In the only population genetic analysis of muntjac in Britain carried out to date, it was suggested that there were at least eight maternal lineages, and most likely more, based on restriction fragment length polymorphism (RFLP) analysis of the mitochondrial genome (Williams et al. 1993) . However, mitochondrial markers only give an indication of femalemediated gene flow, and analysis of high-resolution nuclear microsatellite markers offers a more complete picture of the invasion history of a species (Guillemaud et al. 2010) .
Consequently, in the present study we carried out a combined analysis using microsatellites and sequencing of the mitochondrial D-loop region to resolve the invasion history of the species in the British Isles, specifically the likely number of founding females.
Materials and methods

Sampling and DNA extraction
Tissue samples were collected from 176 muntjac across the majority of their known distribution in the British Isles ( Figure 1 ; Table 1 ; Appendix 1). Samples were collected as part of ongoing control programme by deer managers from the British Deer Society (BDS).
Tissue samples, mostly tongue or ear clippings (1 cm 3 ), were collected and stored in absolute ethanol. In addition, five DNA samples of the Taiwanese subspecies Muntiacus reevesi micrurus were obtained directly from Taiwan. DNA was extracted from tissue samples using a high salt extraction technique (Aljanabi & Martinez 1997) .
Genotyping
All samples were genotyped for eight microsatellite loci originally developed for M.
crinifrons (Wu et al. 2008): Mcr-3, Mcr-4, Mcr-5, Mcr-6, Mcr-7, Mcr-13, Mcr-14 and Mcr-19 . The remaining three loci reported by Wu et al. (2008) could not be amplified reliably.
PCR was carried out in a total volume of 10 μl containing 100 ng genomic DNA, 5 pmol of 6-FAM-labelled M13 primer, 0. Applied Biosystems) using LIZ-500 size standards, and were checked by comparison with previously sized control samples. All chromatograms were inspected visually.
Mitochondrial D-loop sequencing
The complete mitochondrial D-loop region was amplified using a pair of primers designed from the complete mitochondrial genome of M. reevesi (GenBank accession number 
Data analysis
GENEPOP (V3.4; Raymond and Rousset, 1995) The overall level of genetic differentiation between populations was estimated using Φ ST , which gives an analogue of F ST (Weir and Cockerham, 1984) individual genetic distances were calculated as described in Smouse & Peakall 1999 , and the PCA was carried out using the standard covariance approach.
To test for the occurrence of a genetic bottleneck, the Wilcoxon test for heterozygote excess was performed under the infinite alleles model (IAM), the stepwise mutation model (SMM) and a two-phase model (TPM) incorporating 90% single-stepwise mutations using the program BOTTLENECK (V1.2; Piry et al. 1999) . The Wilcoxon test was used as it is recommended for less than 20 microsatellite loci. There was a notable east-west cline in the frequency of haplotypes (Figure 1 ). Haplotype diversity values for populations for which a minimum of six individuals were sampled ranged from zero (Ickworth Park, for which only two complete sequences were obtained) to 0.800 (Sennowe Park; mean = 0.430). As the mitochondrial D-loop region exhibits an extremely fast mutation rate, and thus provides a high-resolution marker for female lineages, since the mitochondrial genome is maternally inherited in mammals (Harrison 1989 Haplotype H2 after the introduction, since the two differ by a single mutation, although it is difficult to be more certain in the absence of an accurate mutation rate for this region.
Likewise, Haplotype H7 is only found in a single individual and is one mutation removed from Haplotype H5, suggesting very recent divergence.
The overall level of differentiation estimated by nuclear microsatellites was low (Φ ST = 0.050, P < 0.001), whilst the level based on mitochondrial D-loop sequences was much higher (Φ ST = 0.470, P < 0.001; Table 2 ). The BAPS analysis indicated that all the individuals analysed from Britain and Ireland were grouped into a single genetic cluster (100% probability), separate from the Taiwanese subspecies Muntiacus reevesi. This was reflected in the PCA, which showed no evidence of geographical structuring of individual multilocus genotypes (Figure 3) . Finally, the Wilcoxon test for heterozygote excess suggested a bottleneck under the IAM (P = 0.006), but not under the SMM or the TPM, although it should be borne in mind that the number of loci used (eight) may be insufficient to detect the latter (see Discussion). However, we also know that some invasions appear to establish from small founding events, including the well-known case of the green seaweed Caulerpa taxifolia, which spread throughout the Mediterranean rapidly following a single aquarium release (Jousson et al. 1998) , and the suggestion that a single pair of squirrels would have a greater than 50% chance of establishing a new population (Bertolino 2009 ). However, the invasion history of many alien species is unknown. Resolving the size of founding propagules of major invasions could help predict future invasions. Here, the use of high-resolution microsatellite markers suggested that the invasion of the British Isles by Chinese Reeve's muntjac resulted from a very small founding population. Indeed, our analysis is not only consistent with the known introduction history of muntjac, but implies, through combined nuclear and mtDNA data, that the current population was founded by a single group including a low number of females.
From Chapman et al. (1994) , it seems probable to suggest those females are descendents of some of the original five females imported to London Zoo amongst others imported elsewhere.
The distribution of mtDNA haplotypes across southeast England is consistent with separate escapes and releases from Woburn and other captive collections, since Haplotypes H2 and H3, represented in yellow and blue respectively, tend to be primarily found west of UK suggested "at least eight maternal lineages in the UK" (Williams et al. 1993) . This was based on RFLP analysis of the same D-loop region analysed in the present study, but this approach, unlike the sequencing analysis carried out here, cannot elucidate the genetic relationships between haplotypes. Three of the eight haplotypes detected by Williams et al. (1993) occurred at frequencies of 1.7%, 0.5% and 0.25% and could, as in the present study, represent recent, post-introduction mutations. However, the lack of information on the genealogical relationships between the RFLP haplotypes meant that this aspect could not be addressed in the earlier study, but their identification of four or five haplotypes at relatively high frequency (5% or above) is consistent with our findings, particularly when considering that they analysed over three times as many samples. It is difficult to quantify accurately the number of females involved in the introduction, since many of the original mitochondrial lineages may have become extinct since the original founding event, but both studies indicate a low number of individuals. The additional use of high-resolution microsatellite markers in the present study suggests a single introduction of muntjac into the Britain Isles, since levels of genetic differentiation were very low. As invasion events, single or multiple, are generally characterised by founder effects, the random nature of these episodes means that multiple events tend to involve separate gene pools from the original source population (Provan et al. 2005) . This is contrary to the assignment of all individuals sampled from Britain and Ireland in the present study to a single genetic cluster in the BAPS analysis, and the lack of any geographical structuring in the PCA. The results of the BOTTLENECK analysis were somewhat inconclusive, with a genetic bottleneck suggested under the IAM but not under the other two models. This could be due to the fact that the two models that assume stepwise mutation, particularly the SMM, are more conservative than the IAM (Cornuet and Luikart 1996; Luikart and Cornuet 1998) . Alternatively, it may be that the short generation time of muntjac, which can start breeding at around 36 weeks (Chapman et al. 1997) , means that in captivity from a very low number of founding individuals, was reintroduced successfully on several occasions (Stüwe & Nievergelt 1991) . Most notably, the mílù (Elaphurus davidianus), also known as Père David's deer, was successfully reintroduced to China having been rescued from just two females and a single male after careful captive breeding by the 11 th Duke of Bedford (Zeng et al. 2007) . In all cases, success was based on a combination of selective breeding to increase the effective captive population size and multiple releases.
Conversely, our paper offers an insight for legislative policy in invasive species management. Our data are consistent with four or five females leading to a major geographic invasive species problem. This should serve as a warning for future muntjac invasions, such as those unfolding in Ireland currently (Dick et al. 2010; Freeman et al. 2011; Dick et al. 2012; Hogg et al. 2014 ) and a suspected introduction in Belgium (T. Adrianens, pers.
comm.). It appears quite plausible that, in both cases, muntjac could colonise a large area, giving rise to large numbers of individuals, from relatively few founding individuals. We raise the point to caution against complacency if invasive species such as muntjac are suspected in a new area and we would advocate heightened biosecurity and a need to react to sightings rapidly (Caffrey et al. 2014) . Indeed, under recent EU legislation, inclusion of muntjac on the list of high-risk species would restrict the movement and release of the species (Genovesi et al. 2014 ). The present study is an example of the value of genetics to invasion ecology, and also helps to illuminate the origin of muntjac deer populations in the British Isles. Vigilance should be exercised even with small releases of species such as muntjac, which may, if ignored, result in an irreversible invasion, regardless of initial genetic diversity or continuous genetic influx. 2  2  2  1  1  2  1  1  1  1  1  3  2  3  1  1  1  4  2  5  1  2  2   3  1  1  1  3  1  1  2  1  ---1  -2  --1  2  2  2  -1  2  ---1  1  --3  1  --2  1  3  1  -2 
